Although much progress has been made to develop high-performance lithiumÀsulfur batteries (LSBs), the reported physical or chemical routes to sulfur cathode materials are often multistep/complex and even involve environmentally hazardous reagents, and hence are infeasible for mass production. Here, we report a simple ball-milling technique to combine both the physical and chemical routes into a one-step process for low-cost, scalable, and eco-friendly production of graphene nanoplatelets (GnPs) edge-functionalized with sulfur (S-GnPs) as highly efficient LSB cathode materials of practical significance. LSBs based on the S-GnP cathode materials, produced by ball-milling 70 wt % sulfur and 30 wt % graphite, delivered a high initial reversible capacity of 1265.3 mAh g À1 at 0.1 C in the voltage range of 1.5À3.0 V with an excellent rate capability, followed by a high reversible capacity of 966.1 mAh g À1 at 2 C with a low capacity decay rate of 0.099% per cycle over 500 cycles, outperformed the current state-of-the-art cathode materials for LSBs. The observed excellent electrochemical performance can be attributed to a 3D "sandwich-like" structure of S-GnPs with an enhanced ionic conductivity and lithium insertion/extraction capacity during the dischargeÀcharge process. Furthermore, a low-cost porous carbon paper pyrolyzed from common filter paper was inserted between the 0.7S-0.3GnP electrode and porous polypropylene film separator to reduce/eliminate the dissolution of physically adsorbed polysulfide into the electrolyte and subsequent cross-deposition on the anode, leading to further improved capacity and cycling stability.
B ecause of their high energy density and long cycle life, lithium ion batteries (LIBs) have been widely used as the state-of-the-art energy storage devices in various portable and smart devices, including cell phones, MP3 devices, cameras, and laptops. 1, 2 Nevertheless, the specific capacities that can be obtained from current cathode materials for LIBs are insufficient to meet the ever increasing requirements for electrical vehicle (EV) and other energy-demanding applications. In comparison with the current state-of-the-art cathode materials, such as lithium metal oxides (140À200 mAh g À1 and 500À700 Wh kg À1 ) and lithium metal phosphates (140À190 mAh g À1 and 560À800 Wh kg À1 ), sulfur has recently received considerable attention as the cathode material for lithiumÀsulfur batteries (LSBs) because of its much higher theoretical capacity (∼1675 mAh g À1 ) and energy density (∼2600 Wh kg À1 ). 3 This, together with its low cost, earth abundance, and ecofriendliness, makes sulfur as one of the most promising cathode materials for next generation LSBs. However, sulfur-based cathode materials are still suffered from multiple drawbacks, including (1) the low electrical conductivity of sulfur S 8 (5 Â 10 À30 S cm À1 at 25°C); (2) the large volume (∼76%) and morphology changes of sulfur electrodes during the dischargeÀcharge process; and (3) the easiness with which intermediate products (e.g., lithium polysulfides, Li 2 S 4À8 , Li 2 S 2 , Li 2 S) can be dissolved (Li 2 S 4À8 ) into the electrolyte solution or deposited (Li 2 S 2 , Li 2 S) on the lithium anode surface to increase the resistance and shorten the cycle life. 4, 5 To overcome the above-mentioned obstacles, carbon based materials with various hierarchical structures, including meso-/microporous carbons, 6À11 hollow carbon spheres, 12À14 carbon nanotubes/nanofibers, 15À19 graphene derivatives, 20À30 and flexible carbon membranes, 31 have been developed as conductive and structurally stable supports for compositing with sulfur. Meanwhile, coating the sulfur cathodes with appropriate polymers (e.g., conducting polymers) was demonstrated to not only effectively eliminate the dissolution of sulfur into the electrolyte solution but also reduce volume expansion of the sulfur electrode, leading to enhanced cycling stability. 32À37 In addition, other physical and chemical routes have also been devised for the preparation of LSB cathode materials from sulfur composites with carbon materials or polymers. Examples include LSB cathodes based on sulfur mixed with either mesoporous single-walled carbon nanotube (SWCNT)-graphene 18 or three-dimensional (3D) "sandwich-like" cetyltrimethylammonium bromide (CTAB)Àgraphene oxide (GO) hybrids (up to 800 mAh g À1 at 6 C with a low decay rate of 0.039% per cycle over 1500 cycles), 25 a sulfur-graphene composite with ∼63.6 wt % sulfur uniformly coated on graphene sheets through reduction of GO with concomitant sulfurization (440 mAh g À1 after 500 cycles at 0.75 C), 22 and polyvinylpyrrolidone (PVP)-encapsulated hollow S nanospheres (i.e., S@PVP nanospheres) from the reaction of Na 2 S 2 O 3 and HCl in an aqueous of PVP (849 mAh g À1 at 2 C with a capacity decay of 0.046% per cycle over 1000 cycles at 0.5 C). 35 Although much progress has been made, the capacities and rate capability still need to be improved for practical applications. Furthermore, most of the reported physical and chemical routes to sulfur composites are multistep and complex, and hence too expensive for mass production; they often involve environmentally hazardous reagents (e.g., strong acids for GO production by Hummers' method). 38 We have recently developed a simple, low-cost, but effective and eco-friendly, ball-milling method for large-scale production of various graphene nanoplatelets (GnPs) edge-functionalized with different moieties without any basal-plane damage, and hence good electrical/thermal conductivities. 39À42 By ball-milling graphite in the presence of sulfur (Figures S1 and S3, Supporting Information), we demonstrated in the present study that sulfur could edge-selectively functionalize GnPs (S-GnPs) with a concomitant homogeneous adsorption on and within the GnP structure, leading to highly efficient LSB cathode materials. Thus, the ball-milling technique has effectively combined both the physical and chemical routes into onestep process for low-cost, scalable, and eco-friendly production of highly efficient LSB cathode materials of practical significance. We further found that LSBs based on the S-GnP cathode materials, produced by ball-milling 70 wt % sulfur and 30 wt % graphite (denoted as 0.7S-0.3GnP), delivered a high initial reversible capacity of 1265.3 mAh g À1 at 0.1 C in the voltage range of 1.5À3.0 V with an excellent rate capability, followed by a high reversible capacity of 966.1 mAh g À1 at 2 C with a low capacity decay rate of 0.099% per cycle over 500 cycles. Both the initial and reversible capacities observed for the 0.7S-0.3GnP are outstanding and attributable to its 3D porous "sandwich-like" structure from 3D self-assembling of the edge-functionalized S-GnPs (vide infra), leading to enhanced ionic conductivity and lithium insertion/ extraction capacity during the dischargeÀcharge process. To reduce/eliminate the dissolution of physically adsorbed polysulfide into the electrolyte and subsequent cross-deposition on the anode, 29,43À46 we inserted a porous carbon paper pyrolyzed from common filter paper between the 0.7S-0.3GnP electrode and the porous polypropylene film separator (Supporting Information), which further improved the capacity and cycling stability. Figure 1a shows the schematic representation of the S-GnP preparation. Briefly, predetermined amounts of commercial graphite and sulfur were placed into a stainless steel jar containing stainless steel balls and sealed under argon for agitating at 500 rpm for 48 h in a planetary ball-mill machine (TCI, USA). The resultant product was designated as xS-yGnP (x and y represent the weight percentage of S and graphite, respectively, in the starting material. As we shall see later, the cell performance is well correlated to the starting stoichiometry, which, therefore, is used for the sample denotation). Figure 1bÀe reproduces field emission scanning electron microscope (FE-SEM) images of the S-GnP samples with different sulfur loadings from 50 to 80 wt %, which show large particles of ∼3À10 μm in size with a similar morphology to that of sulfur ( Figure S1a ) but different from the "plate-like" graphite ( Figure S1b ).
RESULTS AND DISCUSSION
More close examination under a higher magnification ( Figure 1fÀi ) revealed a morphological change from the "sulfur-like" bulk particles (Figure 1f , 0.5S-0.5GnP), through randomly distributed fragments with meso-/macropores (Figure 1g , 0.6S-0.4GnP) and "sandwich-like" layered meso-/macropores (Figure 1h , 0.7S-0.3GnP), to a uniform meso-/macroporous structure ( Figure 1i , 0.8S-0.2GnP), indicating that the presence of sulfur in the ball-milled graphite facilitated the formation of 3D nanostructured carbon foams, presumably due to the strong SÀS interaction between the edges of the functionalized S-GnP nanoplatelets. At a low sulfur content, the interaction between the edge S functionalities is not strong enough to arrange the S-GNPs into an ordered self-assembly, and hence the observed randomly distributed fragments in ARTICLE Figure 1f and g. In contrast, an excessive amount of sulfur can also cause detrimental effects on the selfassembling induced by the SÀS interaction as the presence of excessive sulfur particles (cf. Figure 2 ) between the S-GnP nanoplatelets could physically prevent the formation of an ordered assembly ( Figure 1i ). Therefore, it is a delicate balance between the edge-S interaction and the amount of sulfur in the S-GnP sample that makes the 0.7S-0.3GnP to show the "sandwich-like" layered meso-/macroporous morphology ( Figure 1h ). While the edge-functionalization without the basal plane damage would ensure good electrical/ thermal conductivities for the resultant 3D network, the meso-/macroporous structures in both the "sandwich-like" and "foam-like' S-GnPs with a relatively large specific surface area (138.1À182.6 m 2 g À1 , Table S1 ) could allow for an efficient sulfur dispersion between the mechanically-stable GnP networks to alleviate the volume expansion/shrinkage of sulfur even during repeated dischargeÀcharge cycles (vide infra). Figure 2a and b shows the typical bright field (BF) and high angle annular dark field (DF) STEM images for 0.7S-0.3GnP with the corresponding selected area electron diffraction (SAED) patterns (inset of Figure 2a ), while Figure 2c reproduces a secondary electron SE STEM image with the surface sulfur particles being clearly evident. Figure 2aÀc , together with the corresponding SAED pattern (inset of Figure 2a ), show codeposition of ∼10 nm sulfur particles and amorphous sulfur into the GnP multilayer structure. As expected, the energy dispersive X-ray (EDX) spectrum given in Figure 2e shows the presence of dominate peaks for C and S (note, Cu is from the TEM carbon grid, while Fe and Co could come from the ball-milling reactor/balls).
We further carried out the energy dispersive spectroscopic (EDS) mapping ( Figure 2f ). As shown in Figure 2gÀi , carbon, oxygen and sulfur all uniformly distributed throughout the sample. The observed homogeneous distribution of sulfur indicates the homogeneous adsorption/intercalation of sulfur on/into the GnPs, as mentioned above. The presence of oxygen is due to the post-ballmilling conversion of certain reactive edgesulfur and carbon species into oxygen-containing functional groups (e.g., ÀOH, ÀSO 2 , ÀCOOH, ÀSO 3 H) through spontaneous reactions with oxygen/moisture in air upon opening the ball-milling reactor. 42 To further investigate chemical structures of the S-GnP samples, we performed X-ray photoelectron spectroscopic (XPS) measurements. As expected, XPS survey spectra for all 
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of the S-GnPs showed O 1s, C 1s, S 2s, and S 2p peaks at ∼534, ∼285, ∼229, and ∼165 eV, respectively ( Figure 3a ). The high-resolution XPS C 1s, O 1s and S 2p spectra of the 0.7S-0.3GnP sample were shown in Figure S2aÀc , respectively. As can be seen in Figure  S2a , the C 1s peak can be deconvoluted into three peaks attributable to CÀC bond at 285.1 eV, CÀOH and CÀS at 286.1 eV, and OdC ; OH at 289.6 eV, while the corresponding O 1s spectrum shows OdC ; OH and CÀOH peaks at 532.2 and 533.9 eV, respectively ( Figure S2b ). The S 2p peak was well fitted to CÀSO 3 at 168.3 eV and CÀS at 165.2/164.3 eV ( Figure S2c ). 42 Thermogravimetric analyses (TGA) were performed under argon atmosphere to estimate the sulfur content in the S-GnP samples. Figure 3b (Table S2 ) sulfur has been chemically edge-functionalized on the S-GnPs. While the edgefunctionalization of GnPs by ball milling in general has been verified in our previous studies, 39À42 we tried to further confirm the edge-functionalization of sulfur by chemically and physically removing sulfur from the 0.7S-0.3GnP. The 0.7S-0.3GnP was Soxhlet extracted with carbon disulfide (CS 2 ) for several days to chemically remove sulfur. In the physical method, 0.7S-0.3GnP was heated up to 400 or 700°C under argon for 2 h (cf. Figure S3 ). Subsequently, these samples were washed with 1 M HCl, and the final products were designed as 0.7S-0.3GnP-CS 2 -1 M HCl and 0.7S-0.3GnP-400 or 700°C-1 M HCl. The HCl washing will not only remove physically adsorbed S but also Fe residues, if any, from the ball-milling reactor/balls. 
As shown in Figure S4 , the XRD pattern of 0.7S-0.3GnP revealed characteristic peaks for the crystalline sulfur without the graphitic peak, indicating a complete exfoliation for the graphite (cf. Figure 3e ). Upon CS 2 treatment or heating up to 400 or 700°C, all the sulfur peaks disappeared, whereas the typical graphitic carbon peak (cf. Figure 3e ) appeared ( Figure S4 Table S2 ) of sulfur have been strongly bonded into the carbon network through the CÀS and CÀSO 3 bonds, apart from those physically adsorbed sulfur. Figure 3d shows typical Raman spectra for the pristine graphite, sulfur, and S-GnPs. A comparison of spectra for the S-GnPs to that of sulfur in Figure 3d indicates the sulfur origin for those peaks in the range of 50À525 cm À1 . In addition, the S-GnP samples exhibited two peaks at ∼1330 and ∼1600 cm À1 characteristic of the D and G bands, respectively. 39À42 For all the S-GnPs, the intensity of the D band is higher than that of the G band due to the presence of defects induced by S-doping. Figure 3d further shows that the relative peak intensities of the sulfur peaks to the GnP peaks increased with increasing mass ratio of S/GnP. As shown in Figure 3d and Figure S7 , the G band for all of the S-GnP samples can be fitted into two subpeaks (A and B in Figure S7 ), indicating the successful doping of S heteroatoms into the carbon networks, as is the case for N-doped graphene sheets. 47 Figure 3e shows X-ray diffraction (XRD) patterns of the pristine graphite, sulfur, and S-GnPs. As expected, the pristine graphite exhibited a prominent (002) peak at 26.5°, corresponding to an interlayer d-spacing of 0.34 nm, as well as two characterized peaks ((101) peak at 44.8°and (004) peak at 54.8°). 48 The salient feature to note is that the ball-milling caused a high degree of ARTICLE exfoliation, as reflected by the dramatic reduction in intensity for graphitic peaks, along with a concomitant down-shift of the (002) band with increasing sulfur content, in a good consistence with the Raman results ( Figure 3d ). The almost fully exfoliated S-GnPs with a large surface area, good electrical conductivity, and meso-/micropores are ideal characteristics for LSB cathode materials, as described below. Figure 4a shows typical dischargeÀcharge profiles for the S-GnP cathodes at 0.1 C over 1.5À3.0 V. During the discharge process, two plateaus at ∼2. 35 and ∼2.10 V were seen for all of the S-GnP samples, corresponding to the intercalation of lithium into S 8 to form a long chain (Li 2 Sx, 2 e x e 4) and short chain (Li 2 Sx, 1 e x e 2) of lithium polysulfides, respectively. The dischargeÀcharge profiles for 0.7S-0.3GnP at various C-rates are given in Figure 4b , which shows increasingly shortened dischargeÀcharge plateaus with increasing C-rate due to electrode polarization, in agreement with previous reports. 7, 8 To test the rate and cycling performance, we discharged and charged LSBs based on the S-GnP cathodes for 90 cycles in the voltage range of 1.5À3.0 V at C-rates from 0.1 to 10 C ( Figure 4c ). As can be seen, the 0.6S-0.4GnP cathode showed the highest initial discharge capacity of 1356.3 mAh g À1 at 0.1 C, followed by the 0.5S-0.5GnP (1311.7 mAh g À1 ), 0.7S-0.3GnP (1265.3 mAh g À1 ), and 0.8S-0.2GnP (889.5 mAh g À1 ). By increasing the C rate from 0.2 to 10 C, however, the 0.7S-0.3GnP cathode showed the highest reversible capacity and rate capability (inset of Figure 4c ) among all the S-GnPs studied in this work. The average discharge capacities of the 0.7S-0.3GnP cathode at 0.2, 0.5, 1, 2, 5 and 10 C were 1043.1, 885.6, 756.8, 610.4, 404.8, and 186.5 mAh g À1 , respectively. When the C-rate was reduced back to 0.1 C after 80 cycles, the 0.7S-0.3GnP cathode can still deliver a higher reversible discharge capacity of 1063.2 mAh g À1 than those of 0.5S-0.5GnP (762.4 mAh g À1 ), 0.6S-0.4GnP (817.8 mAh g À1 ), and 0.8S-0.2GnP (598.1 mAh g À1 ).
The excellent electrochemical stability of 0.7S-0.3GnP was also supported by cyclic voltammetry (CV) curves in Figure S8a , which shows highly overlapping CV curves over 4 cycles at 0.1 mV s À1 with well-defined and strong ARTICLE redox peaks even after 90 cycles ( Figure S8a ). To investigate the kinetics of the S-GnP cathodes, we compared the electrochemical impedance spectroscopic (EIS) results for the cells cycled over 90 cycles. As shown in Figure S8b , the impedance curves for all of the S-GnP samples exhibited two apparent semicircles in the high and medium frequency regions, attributable to the lithium ion diffusion resistance through the electrolyte (R e ) (intercept of the first semicircle), the solid electrolyte interface (SEI) film resistance (R s ) (diameter of the first semicircle), and the charge transfer resistance (R ct ) (diameter of the second semicircle). The ∼45°inclined line in the low-frequency range corresponds to a Warburg impedance. 49 The equivalent circuit model (inset of Figure S8b ) was constructed to analyze the impedance spectra. The fitting results from this model are listed in Table S3 . The lowest R ct (79.9 Ω) and R s (34.5 Ω) seen in Table S3 indicate the highest ionic conductivity for 0.7S-0.3GnP among all of the S-GnP samples investigated in the present study.
The S-GnP cathodes were further subjected to testing the relatively long cycling performance at 2 C in the voltage range of 1.5À3.0 V. Figure 4d shows initial discharge capacities of 966.1 mAh g À1 (0.7S-0.3GnP), 919.9 mAh g À1 (0.6S-0.4GnP), 722.7 mAh g À1 (0.5S-0.5GnP), and 483.2 mAh g À1 (0.8S-0.2GnP). After 500 cycles, these S-GnP cells can maintain discharge capacities of 485.6 mAh g À1 (0.7S-0.3GnP), 352.9 mAh g À1 (0.5S-0.5GnP), 344.8 mAh g À1 (0.6S-0.4GnP), and 200.2 mAh g À1 (0.8S-0.2GnP) with the initial capacity retentions of 50.3, 48.8, 37.5, and 41.4%, corresponding to the capacity decay rate of 0.099, 0.102, 0.125, and 0.117% per cycle, respectively. Despite their differences in the capacity and capacity retention, all of the S-GnP electrodes showed high Coulombic efficiencies around 100% due to their excellent structural stability during each of the dischargeÀcharge cycles. Among all of the S-GnP cathodes, the 0.7S-0.3GnP showed the highest capacity and capacity retention at 2 C over 500 cycles, outperformed the current state-of-the-art cathode materials for LSBs, 22, 25, 35 due to its unique 3D porous "sandwich-like" structure (cf. Figure 1h ) with a relatively large surface area GnP (Table S1, 162.3 m 2 g À1 ), low charge transfer resistance (Table S3 , 79.9 Ω), low SEI resistance (Table S3 , 34.5 Ω), high electronic conductivity (Table S5 , 1.63 Â 10 À4 S cm À1 ) and high sulfur uptake ( Figure S9 , ∼1.5 g cm À3 tap density). Nevertheless, the spin redistribution induced by S-doping 41, 42 could also contribute to the excellent cathodic performance of the S-GnP samples. Furthermore, the 0.7S-0.3GnP with ∼70 wt % sulfur uptake and a 1.5 g cm À3 high tap density could provide an areal capacity of (1À2 mAh cm À2 at 2 C), comparable to the corresponding reported data, 50À52 to meet the everincreasing demand of high volumetric capacity for LSBs.
To further test the effects of the sulfur edge functionality and "sandwich-like" mesoporous structure on the electrochemical performance of the 0.7S-0.3GnP, we prepared a reference sample by physically mixing 70 wt % sulfur with 30 wt % GnP (designated as 70 wt % S-30 wt % GnP), in which the GnP was obtained through the same ball-milling procedure as for the S-GnP with only graphite as the starting material. We compared the electrochemical performance of 0.7S-0.3GnP, 70 wt % S-30 wt % GnP, and GnP, respectively. As shown in Figure 5a and b, the 0.7S-0.3GnP showed significantly higher capacity and rate capability than both the 70 wt % S-30 wt % GnP, and GnP ( Figure S10) , indicating, once again, the important contributions of the sulfur edge functionality and "sandwich-like" mesoporous structure induced by the edge-doping with S to improve electrochemical performance of the 0.7S-0.3GnP sample.
To reduce/eliminate the dissolution of physically adsorbed polysulfide into the electrolyte and subsequent cross-deposition on the anode, 29,43À46 especially associated with crystal sulfur particles on the surface of 0.7S-0.3GnP (Figure 2b and c) , we inserted an amorphous porous carbon paper pyrolyzed from common filter paper 50 ( Figure S11a ) between the porous polypropylene film separator (Supporting Information) and the 0.7S-0.3GnP electrode.
The performance of the cell based on 0.7S-0.3GnP with the carbon paper (0.7S-0.3GnP-CP) was included in Figure 5 for comparison. As can be seen, the 0.7S-0.3GnP-CP exhibited similar electrochemical behavior as the 0.7S-0.3GnP (Figures 5a and S12 ), but with much higher specific capacities. As also shown in Figure 5a , the discharge curve for the 0.7S-0.3GnP-CP exhibited a long high potential plateau with a capacity of ∼300 mAh g À1 (S 8 f Li 2 S 8 ) and a slope with a capacity of ∼210 mAh g À1 (Li 2 S 8 f Li 2 S 6 or Li 2 S 4 ). The total capacity of ∼510 mAh g À1 is higher than the corresponding theoretical capacity (418 mAh g À1 , that is, ∼ 209 mAh g À1 for S 8 f Li 2 S 8 and Li 2 S 8 f Li 2 S 6 or Li 2 S 4 , respectively). The similar phenomenon has been previously reported with no clear rationalization, 43 which deserves more detailed studies in future work. Furthermore, the rate capability ( Figure 5b ) and long cycling performance (Figure 5c ) of the 0.7S-0.3GnP-CP cathode were significantly improved with respect to 0.7S-0.3GnP cathode due to effective blocking of polysulfide intermediates, if any, by the microstructured carbon paper ( Figure S11bÀd ) while retaining the efficient electrolyte diffusion.
As shown in Figure 5c , the 0.7S-0.3GnP-CP cathode delivered an initial discharge capacity of 970.9 mAh g À1 (966.1 mAh g À1 , 0.7S-0.3GnP) at 2 C. After 500 cycles, the 0.7S-0.3GnP-CP cathode maintained the capacity of 679.7 mAh g À1 with a capacity retention of 70.0% and ∼100% average Coloumbic efficiency (50.3 and ∼100%, 0.7S-0.3GnP). EIS results ( Figure S13 and Table S5 ) and FE-SEM images ( Figure S14 ) also support that the conductive carbon paper interlayer decreased the ARTICLE interfacial resistance and stabilized polysulfides on the carbon paper or the surface of the cathode ( Figure S14f ), and thus effectively improved the electrochemical performance of the 0.7S-0.3GnP-CP cathode.
CONCLUSIONS
In summary, we have developed a simple one-step ball-milling method for low-cost and eco-friendly mass production of S-GnPs as efficient cathode materials (especially, 0.7S-0.3GnP) for lithiumÀsulfur batteries (LSBs). The 0.7S-0.3GnP cathode was demonstrated to deliver an initial reversible charge capacity of 1265.3 mAh g À1 at 0.1 C in the voltage range of 1.5À3.0 V with a high reversible capacity of 966.1 mAh g À1 at 2 C, a low capacity decay rate of 0.099% per cycle over 500 cycles, an excellent rate capability, attributable to the "sandwich-like" mesoporous structure induced by the edge-doping with sulfur. The superb cell performance was further improved by inserting an amorphous porous carbon paper pyrolyzed from common filter paper between the porous polypropylene film separator and the 0.7S-0.3GnP electrode to reduce/eliminate the dissolution of physically adsorbed polysulfide into the electrolyte and subsequent cross-deposition on the anode. These results clearly indicate that the newly developed S-GnP composites have a great potential for next generation high-performance LSBs.
EXPERIMENTAL METHODS
Synthesis of S-Graphene Nanoplatelet (GnP) Composites. To start with, predetermined amounts of commercial graphite and sulfur were placed into a stainless steel jar containing stainless steel balls (500 g, diameter 5 mm). Then, the jar was sealed and charged with argon after several chargingÀdischarging cycles. Thereafter, the jar was fixed in a planetary ball-mill machine (TCI, USA) and agitated at 500 rpm for 48 h. Finally, the resultant powders were obtained and denoted as xS-yGnP (here, x and y represent the weight percentage of S and graphite, respectively, in the starting material; for example, 0.7S-0.3GnP stands for ball-milling with 70 wt % sulfur and 30 wt % graphite in the starting materials). The xS-yGnP samples were further heated at 400 or 700°C with a temperature ramp of 2°C min À1 in a tube furnace for 2 h under an argon flow (1000 s.c.c.m.) to remove physically adsorbed sulfur to produce the sample denoted as xS-yGnP-400°C or xS-yGnP-700°C. In order to get rid of any metallic impurities possibly from the ball-milling reactor and ARTICLE steel balls, the xS-yGnP-400°C or xS-yGnP-700°C samples were further purified by washing with 1 M HCl ( Figure S3 ) to obtain xS-yGnP-400°C-1 M HCl or xS-yGnP-700°C-1 M HCl samples. Along with the HCl washing, some of the resultant xS-yGnPs were also Soxhlet extracted with carbon disulfide (CS 2 ) to remove sulfur residues to investigate the effects of the physically absorbed sulfur. The final product was freeze-dried at À120°C under reduced pressure (0.05 mmHg) for 48 h to yield dark black powder. The obtained product was designated as xS-yGnP-CS 2 -1 M HCl. Meanwhile, a GnP sample was prepared by the same ball-milling procedure as those for the S-GnP samples, but without sulfur being introduced into the starting material. The black carbon paper was generated from the filter paper (Hangzhou Special Paper Industry Co., Ltd., China) pyrolyzed at 800°C with a temperature ramp of 10°C min À1 in a tube furnace for 2 h under an argon flow (500 s.c.c.m.).
Characterization. The phase identification of S-GnP compounds was carried out by powder X-ray diffraction (XRD, GBC MMA 017). The morphology of S-GnP was characterized by field emission scanning electron microscopy (FE-SEM), using JSM-7500FA, respectively. Scanning transmission electron microscope (STEM) images were acquired on a probe-corrected JEOL ARM200F operated at 200 kV equipped with a cold field emission gun, a high resolution pole-piece, And a Centurio EDS detector with a collection solid angle of ∼1 Sr. Images and EDS maps were acquired at a probe current of 90 pA. The elemental mapping was carried out by energy dispersive X-ray spectroscopy (EDS) using the JSM-7500FA. The sulfur content of the S-GnP composites was determined by thermogravimetric analysis (TGA, TA Instruments 2000) under argon over a temperature range of 25À900°C with a temperature ramp of 10°C min À1 . The specific surface area was measured using 15 point N 2 absorption BrunauerÀEmmettÀTeller (BET) method using Quanta Chrome Nova 1000. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a VG Scientific ESCA-LAB 2201XL instrument using aluminum KR X-ray radiation. Raman spectra were collected using a Raman spectrometer (Lab RAM HR, Horiba Jobin Yvon SAS). The electrical conductivity of xS-yGnP powders was measured with a Jandel RM3 four-point probe system at room temperature. Specimens used for the electrical conductivity measurements were disk-shaped pellets with 8 mm in diameter and 1.5 mm in thickness, which were also used for the tap density measurements.
Electrochemical Measurements. The electrochemical characterization of the S-GnP composites was carried out using coin cells. The electrodes were fabricated by blending the active material (e.g., xS-yGnPs, 70 wt % S-30 wt % GnP, and GnP) powders with acetylene black and polyvinylidene fluoride (PVDF) binder in a weight ratio of 8:1:1. N-Methyl-2-pyrrolidone (NMP) was used as the blending solvent for the mixture. The slurries were prepared using a Kurabo MAZERUSTAR planetary mixer, model KK-250S, for 15 min. The obtained slurry was coated on an Al foil, dried at 50°C for 48 h, and then pressed under moderate pressure. The electrodes were punched into in a round area with 2 mg cm À2 of active material. 2032 coin-type cells were assembled in an Arfilled glovebox by stacking the as-prepared electrode as the working electrode, with Li foil as the counter electrode and reference electrode, a porous polypropylene film as separator, and 1 M lithium bis(trifluoromethanesulfonyl)imide in 1,3-dioxolane (DOL)/dimethoxyethane (DME) (1:1, v/v), including 0.1 M LiNO 3 , as the electrolyte. The cells were galvanostatically discharged and charged using an automatic battery testing system (Land, China) at various current densities in a voltage range of 1.5À3.0 V at room temperature. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements were performed on a Biologic MVP 3 electrochemical workstation. Electrochemical impedance spectroscopy (EIS) measurements were performed over the frequency range of 10 mHz to 1 M Hz. Cyclic voltammogram measurements were performed at a scan rate of 0.1 mV s À1 in a voltage range of 1.5À3.0 V. The specific capacity and the C-rate were calculated based on the mass of active material. On the basis of the TGA results shown in Figure 3b and Table S2 , it was assumed that the physically adsorbed sulfur mass of 0.5S-0.5GnP, 0.6S-0.4GnP, 0.7S-0.3GnP, 0.8S-0.2GnP were 45, 55, 65, 75 wt %, respectively. As shown in Figure S10 , the contribution of the GnP to the total capacity is limited and thus is not taken in account.
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